The objective of this study was to evaluate the in vitro and in vivo developmental competence of parthenogenetic (parthenote) pig embryos derived from ovulated and in vitro matured (IVM) oocytes. A total of four experiments were carried out. These demonstrated that the mean blastocyst rates from stimulated ovulated and IVM pig oocytes were not significantly different (61% vs. 46%, p . 0.05) following in vitro culture. Both ovulated and IVM pig parthenotes were able to develop in vivo for 30 days. Parthenote fetuses collected 21 and 30 days post estrus were morphologically normal but significantly smaller and lighter than fertilized controls (p , 0.01). IVM pig parthenotes stopped development around 31 days post estrus. 355 
INTRODUCTION M
ATURE PIG OOC YTES can be artificially activated by a variety of chemical and physical stimuli (Sun et al., 1992; Leal et al., 1998; Machaty et al., 1999; Hagen et al., 1991) and develop in vitro to the blastocyst stage (Cha et al., 1997; Wang et al., 1997; Grupen et al., 1999; Koo et al., 2000) . However, development to the blastocyst stage does not necessarily ensure competence for further development. Studies in the rabbit have suggested that a method of activation can vary in its competence to result in advanced fetal development (Ozil, 1990) .
Parthenogenetic (parthenote) development beyond the blastocyst stage has been described in the mouse (Kono et al., 1996) , rabbit (Ozil, 1990) , sheep (Loi et al., 1998) , cattle (Fukui et al., 1992) , and pig (Jolliff et al., 1997; Kure-bayashi et al., 2000; Zhu et al., 2000) . From these studies, it has been confirmed that parthenote fetuses can undergo substantial differentiation and morphogenesis before perishing as they become more reliant on their placentas for survival. In mice, rabbits, sheep, and cattle fetal death appears to occur at 9, 12, 21, and 30 days of gestation, respectively. Previously, parthenote pig fetuses with beating hearts have been retrieved after 21 and 29 days of gestation (Kure-bayashi et al., 2000; Zhu et al., 2000) . Recently, we have also reported that, by ultrasonography, parthenote fetuses derived from IVM oocytes activated by an optimized electrical protocol can still be detected until approximately 50 days of gestation . Despite these studies, the time at which parthenote fetuses cease to develop has remained unknown. In addition, there has been no exploration of whether parthenote development in vivo can be influenced by altering the timing or number of embryos transferred per recipient. In the present study, our objective was to morphologically characterize advanced fetal development of both ovulated and IVM oocytes activated by an improved electrical activation protocol described recently . In addition, we provide evidence in support of the cessation of parthenote development in the pig after 31 days of gestation and suggest that pig parthenotes die shortly afterwards.
MATERIALS AND METHODS
This study was conducted following approval by Roslin Institute's Animal Ethics Committee and within a project license issued under the Animal (Scientific Procedures Act 1986). All the chemicals and reagents were purchased from Sigma (Poole, Dorset, UK) except as denoted below.
Oocyte collection and maturation
Porcine ovaries were collected from gilts at a local abattoir and stored at 25-30°C during transportation. When ovaries arrived at the laboratory, they were washed three times with warmed Dulbecco's PBS (Oxoid Ltd, Basingstoke, Hampshire, UK), then stored in a water bath at 25-30°C before use. Cumulus oocyte complexes (COCs) were aspirated from ovarian follicles 3-8 mm in diameter using a 10-mL syringe fitted with an 18-gauge needle. Follicular fluid was collected in 50-mL universal containers and left for 5 min at 25-30°C. Subsequently, COCs were washed three times with Hepes-buffered TALP medium (Jolliff et al., 1997) , containing 0.1% polyvinylalcohol (PVA). Only COCs with uniform cytoplasm and at least three layers of compact cumulus cells were selected for maturation. Oocytes were matured in groups of 50 per 500 mL of maturation medium at 39°C, 5% CO 2 in air. Maturation medium was bovine serum albumin (BSA) free-NCSU 23 medium containing of 108.73 mM NaCl, 4.78 mM KCl, 1.7 mM CaCl 2 , 1.19 MgSO 4 , 25.07 mM NaHCO 3 , 1.19 mM KH 2 PO4, 5.55 mM glucose, 1 mM glutamine, 7 mM taurine, 5 mM hypotaurine, 100 U/L penicillin-G, and 50 mg/L streptomycin (Petters and Wells, 1993) , which was supplemented with 10% (v/v) porcine follicular fluid (pFF), 0.6 mM cysteine, 1% essential (B-6766, Sigma) and 0.5% non-essential (M-7145, Sigma) amino acids (AA). The maturation medium was further supplemented with 10 IU/mL eCG (Folligon, Intervet UK Ltd, Cambridge, UK) and 10 IU/mL hCG (Chorulon, Intervet UK Ltd, Cambridge, UK) during the first 22 h of culture only, after which culture was hormone free.
Ovulated oocytes were produced from LargeWhite gilts that were approximately 9 months of age or older and weighed at least 120 kg at time of use. Superovulation was carried out by a protocol described by Dobrinsky et al. (2000) . Approximately 41-48 h following hCG injection, oocytes were surgically recovered following general anesthesia. Anaesthesia was achieved by administering a pre-anaesthetic sedative of ketamine (Vetalar V, Pharmacia and Upjohn Animal Health Ltd, Corby, UK) 5 mg/kg and Azaperone (Stresnil, Jansenn Animal Health, High Wycombe, UK) 1 mg/kg by intramuscular injection. This was followed 15 min later by intravenous administration of ketamine 2 mg/kg and Hypnovel (Midazolam, Roche Products Ltd, Welwyn Garden City, UK) 0.04 mg/kg. Pigs were then intubated and anaesthesia maintained using oxygen, nitrous oxide, and halothane (HalothaneVet, Merial Animal Health Ltd, Harlow, UK). The oviducts were exposed by mid-line laparotomy and were flushed with prewarmed (38°C) sterile, Hepes-buffered NCSU23 medium consisting of 131.7 mM NaCl, 4.78 mM KCl, 1.7 mM CaCl 2 , 1.19 MgSO 4 , 2 mM NaHCO 3 , 10 mM Hepes, 1.19 mM KH 2 PO 4 , 5.55 mM glucose, 1 mM glutamine, 12 mM taurine, 0.4% BSA-V, 100 U/L penicillin G, and 50 mg/L streptomycin.
Electrical activation of pig oocytes
After 43-44 h of maturation in vitro, cumulus cells of IVM pig oocytes were removed by repeated pipetting in the four-well dishes and denuded oocytes were selected for activation. Ovulated or IVM oocytes were rinsed twice in Ca 21 free-NCSU23 medium (Petters and Wells, 1993) and twice in activation medium consisting of 0.3 M mannitol, 0.1 mM MgSO 4 , and 0.05 mM CaCl 2 . Oocytes were then transferred between electrodes covered by a 0.2-mL drop of the activation medium in a chamber connected to an electrical pulsing machine BLS Ltd, Hungary) , and aligned by administration of 0.25 kV/cm AC for 5 sec. Oocytes were then activated by 3 3 80 msec consecutive pulses of 1.0 kV/cm DC. All ma-nipulation of the oocytes was carried out on a warm stage at 37°C. After activation, the oocytes were directly transferred into 7.5 mg/mL cytochalasin B in NCSU23 medium and cultured for 6 h at 39°C in 5% CO 2 in air. Finally, 30-40 activated oocytes were cultured per 500 mL of NCSU23 medium at 39°C in 5% CO 2 in air for 1, 2, or 7 days, depending on the requirement of the experiment.
Collection of fertilized embryos and embryo transfer
Large white gilts were mated with boars to provide fertilized embryo controls for this study. Gilts were naturally mated twice with a 6-h interval during their natural heat (day of estrus 5 day 0). In experiments 1 and 2, fertilized embryos were collected on day 2 of estrus following general anaesthesia and a mid-line laparotomy. In experiment 4, fetuses, used as controls, were recovered on day 21 and 30 of gestation by euthanasia of the gilt and dissection of the reproductive tract.
Fertilized embryos and/or parthenotes were transferred to recipients following a mid-line laparotomy under general anaesthesia. During surgery, the reproductive tract was exposed and embryos or parthenotes were transferred into the oviduct using a 3.5-cm French gauge tomcat catheter.
Pregnancy monitoring
All recipient animals underwent a transabdominal ultrasound examination using an Aloka 500SD ultrasound machine with a 5-MHz convex liner probe. A result was classed as positive if a fluid-filled area containing a fetal mass could be detected. A negative result was confirmed when no fluid-filled areas in the uterus could be detected. Ultrasound examination was repeated at regular intervals until two consecutive negative results were obtained at which point the gilt was classed as non-pregnant. All recipients were examined using ultrasonography, twice weekly from day 21 (onset of estrus 5 day 0).
Blastocyst staining with Hoechst 33342
Day 6 or day 7 blastocysts (6 or 7 days of culture post activation or onset of estrus) were washed twice in Hepes-buffered NCSU23, and transferred into 50 mL of the same medium containing 5 mg/mL Hoechst 33342 10 min at 37°C. After incubation, blastocysts were mounted and observed immediately under UV light or stored at 4°C until observation.
Collection of fertilized and parthenogenetic fetuses
Fertilized or parthenote fetuses were recovered from recipients that had been confirmed pregnant by an ultrasound examination. Fetuses were recovered by euthanasia of the gilt and dissection of the reproductive tract. Fetuses surrounded by placenta were gently separated from the uterus using two pairs of forceps. Subsequently, fetuses were removed from their placenta and placed on a piece of clean, dry tissue using a pair of forceps in order to dry liquid on the surface of the fetus; their body weight and crown rump length were recorded. In addition, the morphology of parthenote fetuses was compared with that of fertilized fetuses collected at the same stage.
Statistical analysis
Data collected from the experiments were analyzed using a Student t test or Chi 2 -test. A p value of ,0.05 was considered to be a significant difference.
Experimental design
Experiment 1. Evaluation of parthenote development to the blastocyst stage. IVM and ovulated oocytes were cultured in vitro for 6 days following stimulation. Fertilized 2-4-cell embryos collected on day 2 following mating were cultured in vitro for 5 days. All embryos were assessed for development and nuclear counts following culture.
Experiment 2. Development of parthenotes from IVM oocytes at 21 days post estrus.
Approximately 58-60 electrically stimulated pig oocytes were surgically transferred 1 day following treatment into the oviducts of a recipient on day 2 following estrus. This transfer was considered synchronous, since, if mated during their natural heat (onset of estrus 5 0) then fertilization, the natural corollary of activation, would be estimated to occur on day 1. Fertilized embryos from mated gilts were surgically recovered on day 2 following estrus, and 20 embryos were transferred to an estrus synchronized recipient within 3 h. Fetuses from elec-trically activated oocytes and natural matings were both collected 21 days post onset of estrus.
Experiment 3. Development of parthenotes from IVM oocytes beyond 21 days post estrus. IVM oocytes were electrically activated and cultured for 2 days before transfer in groups of 35-50 into recipient gilts on day 2 or 3 following estrus. Fetuses were surgically collected 21, 30, and 35 days post estrus, respectively. As a control, fetuses were collected from naturally mated gilts on day 21 and day 30.
Experiment 4. In vivo development of parthenotes from ovulated oocytes. Ovulated oocytes were collected from superovulated gilts 41-48 h after hCG injection, activated and then cultured in vitro for 2 days. Only cleaved 2-4-cell embryos were selected for transfer to gilts on day 2 following estrus. Pregnancy was determined by ultrasound examination on day 21 and 23, afterwards, the confirmed pregnancies were examined by ultrasound examinations twice a week. Fetuses were collected on day 30.
Experiment 5. Karyotype of cell lines derived from pig parthenote fetuses. Six parthenote fetuses derived from either 21 or 30 days of gestation (three fetuses each group) were randomly selected. These were dissected to small pieces before culture in MEM medium with 10% FCS for 48 h, at 37°C 5% CO 2 in air. The cells were then karyotyped.
RESULTS

Evaluation of parthenote development to the blastocyst stage
Development in vitro of electrically activated parthenotes from IVM and ovulated oocytes was compared against fertilized embryos recovered from mated gilts as 2-4-cell embryos (Table 1) . The proportion of IVM oocytes forming blastocysts was lower than for ovulated oocytes, although the difference was not statistically significant (p 5 0.34). In addition, there was no significant difference between parthenote groups in blastocyst nuclear counts (p . 0.05). Only the production of blastocysts from IVM oocytes was significantly lower than that for fertilized embryos (p , 0.01). Although blastocyst nuclear counts for fertilized embryos tended to be higher than parthenotes, there were no significant dif- ferences in the mean nuclear counts of all three groups (p . 0.05).
Development of IVM parthenotes 21 days post estrus
Parthenotes derived from IVM oocytes that were transferred as non-cleaved embryos 1-day post activation into recipients on day 2 following estrus were evaluated 21 days post estrus. Development was compared against fetuses derived from natural matings with or without embryo recovery and transfer 2 days post estrus (Table 2) . For parthenote embryos, three out of four recipient gilts were pregnant; with 16 parthenote fetuses (,7% of transferred embryos) collected. This compared poorly with 88% of 1-2-cell in vivo fertilized embryos (n 5 40) recovered as fetuses from two of three recipients. There were no gross morphological differences between 14 of the parthenotes and mated embryo controls, specifically with respect to the presence and structure of optic and otic vesicles, olfactory sinuses, limb buds, and segmentation of the brain (Fig. 1a,b) . Two of the parthenotes were much smaller (5 mm) than the other 14 parthenotes and appeared significantly delayed in their development. Parthenotes were significantly smaller and lighter than mated controls as shown by differences in crown rump length and wet body weight (Table  2 ; p , 0.01). Fetuses from mated embryos that had been recovered and transferred also appeared on average to be smaller than non-transferred fertilized embryos (p , 0.05), although the body weight differences between these groups was not significant (Table 2 ; p . 0.05).
Development of IVM parthenotes beyond 21 days post estrus
To improve the proportion of IVM parthenotes forming a fetus after transfer and determine when their development would cease, 2-4-cell parthenotes at 2 days post activation were transferred into recipients at day 2 and 3 of estrus. Parthenote fetal development was then monitored by ultrasound examination and compared against mated controls 21 and 30 days postestrus. A total number of 17 animals were used as recipients for parthenotes, and of those two of seven day-3 recipients (29%) and nine of 10 day-2 ones (90%) were confirmed to be pregnant on a For day 3 recipients, the day of estrus represented day 0 (activation day 5 day 1). For day 2 recipients, the day of estrus was the same day of stimulation.
b Only cleaved embryos (2-4-cell stages) that were cultured in vitro for 2 days were transferred. c There is a significant difference in pregnancy rate between day 2 and day 3 recipients (9/10 vs. 2/7; p , 0.01).
21-23 days of gestation. There was a significant difference in pregnancy rate between these two types of used recipients (p , 0.01, x 2 -test; Table  3 ). On day 21, 30, and 35 of gestation, four, five, and two of these pregnant gilts yielded 32, 37, and 20 fetuses, respectively.
Day 30 fetuses differed from day 21 fetuses by possessing more differentiated optic and otic structures, elongation and altered positioning of facial features, digitations of limb buds, and differentiation of the abdomen (Table 4 ). The majority of day 21 and day 30 parthenote fetuses were morphologically similar to fetuses from natural matings at the same time of recovery. Some parthenotes collected on day 35 had slightly more advanced morphology than that of either day 30 parthenogenetic or mated control fetuses (Table  5 and Fig. 1 ). The day 35 parthenotes had extension and squaring off of their snout, and their limb buds had protruded beyond the abdomen, their eyelids had been formed, and they were starting to cover eyes. In addition, the digits on their limb buds had finished separating. However, abnormalities in some organs-such as cystlike structures in the heart and liver, abnormal development of the head, limb buds, and tail regions, and delayed development-were externally visible in some parthenotes, especially on day 30 and 35. Furthermore, some fetuses collected on day 30 or day 35 had very small livers for their developmental size.
Grouping fetuses according to ranges of body weight and length also revealed that, by 21 days, most parthenote fetuses had already started to lag in their size relative to fetuses from natural matings (Table 5) . By 30 and 35 days post estrus, the lag in parthenote development was even more pronounced compared with controls, which were highly uniform in terms of both their weight and length. Heartbeats were detected in parthenote pregnancies by ultrasound examinations from day 21 to 31 of gestation but not observed following day 31. In addition, all fetuses collected 35 days post estrus were dead. Six cell lines derived from six parthenote fetuses on day 21 or 30 were all diploid.
Development in vivo of parthenotes derived from ovulated oocytes
Experiment 4 was intended to establish if parthenote embryos derived from ovulated oocytes activated by our standard electrical protocol used on IVM oocytes could attain development to 30 days post-estrus. Of four recipients receiving 24, 48, 54, or 60 2-4--cell parthenotes 2 days post activation on day 2 following estrus, one was detected as pregnant by ultrasound examination. A total of 16 fetuses (29% of 54 transferred embryos) were recovered at 30 days post estrus, for which the mean crown-rump length was 14.5 mm (SD 5 6.3). Of these, five were All fetuses were dead when they were collected at day 35.
Fetal classification according to crown-rump length [range in mm]
Fetal classification according to wet body weight [range in mg] smaller than 10 mm, four were 10-20 mm, and seven were .20 mm. Both the size and morphology of these fetuses were comparable to IVM parthenotes described in our earlier experiment.
DISCUSSION
The present paper describes the advanced development of parthenotes produced following the activation of IVM and ovulated oocytes using an electrical activation protocol optimized previously on the former . This method was at least equally effective in stimulating ovulated oocytes to produce blastocysts and fetuses. The proportion of recipients in which pregnancy was established was influenced by the synchrony between parthenote and recipient. Parthenotes derived from IVM and ovulated oocytes were similar in size and morphology, but in both cases were smaller and lighter than fetuses derived from mated donors (p , 0.01). All tested cell lines from either day 21 or day 30 parthenote fetuses had a normal diploid karyotype. Most importantly development of parthenotes ceased around day 31 post estrus.
Although all parthenote fetuses collected on day 35 were dead, development of some parthenotes to 31 days of gestation was suggested by (1) detection of a beating heart in one IVM pig fetus 31 days post estrus by ultrasound and (2) the morphology of several fetuses collected at 35 days post estrus, which was more advanced than that of either day 30 IVM parthenotes or day 30 fertilized control fetuses as reflected by the position of ears and formation of eyelids and development of eyes. There appear to be differences between species in development of parthenotes. Parthenote embryos have been described as surviving for 25 days in sheep (Loi et al., 1998) , for 30 days in cattle (Fukui et al., 1992) , and for 29 days in pigs (Kure-bayashi et al., 2000) . Interestingly, parthenogenetic pig fetuses can survive longer than sheep parthenotes, although the sheep has a longer gestation (average length of gestation in sheep 148 days vs. 115 days in pigs). In sheep, permanent attachment takes place on day 28-35 of gestation, whereas it occurs on day 25-26 of gestation in pigs (McLaren, 1980) . Pig parthenotes can still develop for 4-5 days following the time when permanent attachment occurs, whereas sheep parthenotes die close to when permanent attachment takes place. This may be due to structural differences between sheep and pig placenta, specifically with respect to the larger area of apposition that occurs in the pig between fetal and maternal membranes engaged in the exchange of nutrients and metabolites (Noden and De Lahunta, 1985) .
The reason for the death of pig parthenote embryos was not obvious from gross morphology. In mouse, parthenote embryos can develop fairly normally to the 25-somite stage, although always smaller than fertilized control fetuses. However, even in these well-developed mouse parthenote conceptuses, the extra-embryonic tissues develop poorly Varmuza et al., 1993) , and the placenta is not functional Kaufmann et al., 1977) . Parthenote rabbit fetuses are also smaller than mated controls on day 12 with the development of the trophoblast tissue being proportional to the development of fetuses, but with no fetal or placental abnormalities observed (Ozil, 1990) . Large pig parthenote fetuses recovered from day 35 closely resembled fetuses collected from day 30 fertilized controls. Although this suggested that death might have been due to impairment of extra-embryonic cell function (Latham, 1996) , this was also not apparent in placental morphology.
As noted in other species, parthenogenetic fetuses were significantly smaller and lighter than normal and fertilized, transferred controls (p , 0.01; Table 2 ). In a previous report (Kure-bayashi et al., 2000) , pig parthenotes on day 24-post activation were only about half the size of the control fetuses (Loi et al., 1998; Surani, 1991) . We also observed that in vivo fertilized oocytes subjected to embryo recovery and transfer were slightly smaller than mated and non-transferred controls on day 21 (p , 0.05). Thus, it is possible that in vitro culture/handling of parthenotes and inadequate synchronization between embryos and recipient animals could have contributed partly to their reduction in size and morphological abnormalities. However, this difference may disappear with time during gestation. At a mechanistic level, the difference in size between fertilized and parthenote fetuses is likely to relate to the absence of expression of parentally imprinted genes such as insulin-like growth factor 2 (IGF2) and PFG1/ MEST McGrath and Solter, 1984; Hall, 1990; Kotzot et al., 1995; Feil et al., 1998) . In the mouse, genetic ablation of the Igf2 gene leads to reduced fetal growth (DeChira et al., 1991) , whereas, in the absence of other influ-ences, mouse androgenetic fetuses that overexpress IGF2 are bigger than normal fetuses (Lau et al., 1994) .
The variation in extent of advanced parthenote development described in our study may have been influenced by several factors, including the quality of oocytes, the method of activation, synchronization between recipient animal and development of parthenotes, and the number and type of parthenotes transferred to each recipient. The optimized electrical activation protocol employed resulted in 40-60% of IVM and ovulated oocytes forming blastocysts, respectively. This was still lower than that for fertilized embryos, and may still be capable of improvement. Although there was no statistical difference between IVM and ovulated oocyte blastocyst rates (p . 0.05), the trend for a higher rate for the latter is consistent with reports suggesting ovulated oocytes are more developmentally competent (Grupen et al., 1999) .
Our experiments suggest the need to optimize the synchronization between embryo or parthenote development and recipient estrus cycle. Synchronizing the transfer of parthenotes is complicated by the fact that parthenote age is measured in relation to activation, whereas recipient stage is in relation to onset of estrus and the relationship between these timescales is imprecisely defined. In a previous experiment , we reported that pig IVM parthenotes transferred 1 day post activation into recipients 2 days post estrus (,60/gilt) established a pregnancy beyond 21 days in approximately 60% of recipients (n 5 13), the same as that determined for the transfer of fertilized cleavage-stage embryos. In the current study, gilts receiving cleaved parthenotes 2 days post activation on day 2 and 3 of estrus sequentially exhibited significant differences in their pregnancy rate (90 vs. 29%, p , 0.01, x 2 -test). These differences suggest that both embryo stage and the estrus cycle of the recipient can influence the gestational success of parthenotes.
In summary, our results show that the current electrical activation protocol can induce blastocyst formation in over 40% of stimulated ovulated or IVM porcine oocytes. In addition, we confirm for the first time that parthenote pig embryos are capable of developing in vivo for 30 days and that they stop development around day 31 and die shortly afterwards. The combination of the in vivo developmental competence of pig parthenotes with a pregnancy rate of 65% (11/17) with parthenotes on day 21 of gestation indicates that it should be possible to use such parthenote pig embryos in a supportive role in the establishment of pregnancy in recipients carrying a limited number of fertilized or cloned embryos. Moreover, culture of parthenotes for an extra day was not detrimental to pregnancy rate. These observations also provide a framework for the collection of further samples for the analysis of gene expression in parthenotes at critical stages of their development. More research needs to be done to further improve this system as well as to investigate the reasons of pig parthenote death using histological and molecular approaches.
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